Introduction {#Sec1}
============

Searches for supersymmetry \[[@CR1], [@CR2]\] at the LHC have explored much of the theory space favoured previously in the context of simplified phenomenological models with universal soft super- symmetry-breaking parameters at an input GUT scale. However, in our opinions supersymmetry (SUSY) remains one of the most attractive options for physics beyond the Standard Model, since it facilitates grand unification of the gauge couplings \[[@CR3]--[@CR7]\] , improves the naturalness of the electroweak mass hierarchy \[[@CR8]--[@CR10]\] and plays an essential role in string theory. Moreover, the lightest supersymmetric particle (LSP) is an excellent cold dark matter candidate if *R*-parity is conserved \[[@CR11], [@CR12]\], as we assume here. In addition, supersymmetry stabilizes the electroweak vacuum \[[@CR13]--[@CR15]\], can trigger electroweak symmetry breaking \[[@CR16]--[@CR21]\] and predicted successfully the mass of a Higgs boson with couplings similar to those in the Standard Model \[[@CR22]--[@CR30]\].

Therefore we are motivated to pursue the search for supersymmetry, and note that there are still regions of supersymmetric model space that the LHC has yet to explore, and may never reach. Some of the regions that are difficult to see at the LHC can be seen through indirect detection, and another promising avenue is the search for proton decay \[[@CR31]\]. If the theory at the GUT scale is minimal SU(5), the Wilson coefficients of the dimension-5 proton-decay operators tend to be large, destabilizing the proton \[[@CR32], [@CR33]\]. In general, unless $\documentclass[12pt]{minimal}
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                \begin{document}$$\tan \beta \lesssim 5$$\end{document}$, the proton is unstable for a SUSY-breaking scale that can explain dark matter[1](#Fn1){ref-type="fn"} \[[@CR35], [@CR36]\]. However, in this work we ignore such constraints, assuming that the GUT-scale theory is either not minimal SU(5) or has some additional symmetry, such as a Peccei-Quinn symmetry, which enhances the proton lifetime. In this way, we are not hostages of some unknown high-scale dynamics.

Instead of worrying about constraints that are dependent on the UV completion of the model, we take a phenomenological approach and focus on the regions of supersymmetric model space that has not yet been probed by the LHC. Included in these unexplored regions are strips of parameter space extending to larger masses where the thermal abundance of relic LSPs is brought down into the range allowed by the cosmological cold dark matter density measurements \[[@CR37]\] via some enhancement of the conventional annihilation mechanism, such as rapid annihilation through heavy Higgs bosons or coannihilation with some other, nearly-degenerate supersymmetric particle(s) \[[@CR38]\].

Examples of possible coannihilation partners include sleptons \[[@CR39]--[@CR47]\], electroweak inos \[[@CR48]--[@CR51]\], squarks \[[@CR52]--[@CR63]\] and gluinos \[[@CR63]--[@CR76]\]. Coannihilation of the LSP with the lighter stau slepton has been explored extensively, and is now almost excluded by LHC searches \[[@CR46], [@CR47]\]. The cosmological cold dark matter density can be obtained via coannihilations with Higgsinos if the LSP mass $\documentclass[12pt]{minimal}
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                \begin{document}$$\sim 1$$\end{document}$ TeV \[[@CR77], [@CR78]\], and by coannihilations with Winos if the LSP mass $\documentclass[12pt]{minimal}
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                \begin{document}$$\sim 3$$\end{document}$ TeV \[[@CR79]--[@CR82]\]. Much larger LSP masses, and hence much heavier sparticle spectra, are possible if the LSP coannihilates with strongly-interacting sparticles such as gluinos or stop squarks. Coannihilation with gluinos is not possible in models with universal gaugino masses at the GUT scale, though it is possible if this assumption is relaxed. On the other hand, coannihilation with stop squarks is possible in models with universal soft supersymmetry-breaking parameters, and is a scenario capable of raising the sparticle spectrum into the multi-TeV range and evading LHC searches \[[@CR62]\].

The fact that stop coannihilation is such a promising scenario for reconciling a heavy supersymmetric spectrum with the attractive possibility that the LSP provides the cosmological relic density motivates the re-examination of this scenario, which we undertake in this paper. We consider in particular, various effects that tend to extend the stop coannihilation strip, including annihilations into longitudinal (Goldstone) components of the *W* and *Z* bosons, large trilinear soft supersymmetry-breaking *A*-terms, Sommerfeld enhancement \[[@CR83]--[@CR85]\] of stop annihilations \[[@CR61], [@CR73], [@CR86]\], and the possible effects of bound states \[[@CR87]--[@CR96]\].

We pay particular attention to the limitations on the stop coannihilation strip imposed by the LHC measurement of the Higgs mass \[[@CR97]\]. The interpretation of this constraint is sensitive to details of Higgs mass calculations with heavy sparticle spectra. These have been studied extensively recently, but still with significant differences between the available Higgs mass calculators \[[@CR98]--[@CR104]\]. Within the CMSSM \[[@CR35], [@CR105]--[@CR131]\], in which the soft supersymmetry-breaking scalar and gaugino masses are assumed to be universal at the GUT scale, we find using the most recent publicly available version of the FeynHiggs Higgs mass calculator, FeynHiggs 2.13.0, that the Higgs mass constraint is a severe limitation on the size of the LSP mass.

In addition to the CMSSM, we also consider its 'sub-GUT' generalization \[[@CR35], [@CR131]--[@CR135]\] in which universality of the soft supersymmetry-breaking parameters is imposed at a lower scale, as occurs in mirage unification models \[[@CR136]--[@CR147]\]. Sub-GUT models can have enhanced coannihilations of the LSP and the lighter stop into final states including *W* and *Z* bosons. This enhancement occurs because the masses of the left- and right-handed stop masses are more degenerate than in the CMSSM, as a consequence of the reduced renormalization-group running. With the masses less split, for any fixed value of $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\tilde{t}_1}^2+m_{\tilde{t}_2}^2$$\end{document}$, the ratio $\documentclass[12pt]{minimal}
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                \begin{document}$$A_t^2/(m_{\tilde{t}_1} m_{\tilde{t}_2})$$\end{document}$, important for the Higgs mass calculation, is decreased. Since the ratio $\documentclass[12pt]{minimal}
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                \begin{document}$$A_t^2/(m_{\tilde{t}_1}^2+m_{\tilde{t}_2}^2)$$\end{document}$ is important for determining the rate of stop-antistop annihilation into the longitudinal modes of the *W* and *Z*, the stop coannihilation strip can be extended in such sub-GUT models. Moreover, in certain regions of the parameter space of sub-GUT models, the masses have the special relationship $\documentclass[12pt]{minimal}
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                \begin{document}$$2m_{\tilde{t}_1} \simeq 2 m_{\chi } \simeq m_{H}$$\end{document}$, where $\documentclass[12pt]{minimal}
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                \begin{document}$$m_H$$\end{document}$ are the lightest stop mass, LSP mass and heavy CP-even Higgs boson mass, respectively. In these regions, the stop-antistop annihilation rate is enhanced by resonance effects because $\documentclass[12pt]{minimal}
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                \begin{document}$$2m_{\tilde{t}_1} \simeq m_{H}$$\end{document}$, amplifying the ability of stop coannihilation with the LSP to reduce the relic density, and the stop coannihilation strip is further extended. We give examples of sub-GUT scenarios where the dark matter particle mass may reach $\documentclass[12pt]{minimal}
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                \begin{document}$$\sim 7$$\end{document}$ TeV.Fig. 1Leading-order Goldstone-boson contributions to $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{t}_R \tilde{t}_R^*$$\end{document}$ annihilation

The layout of our paper is as follows. In Sect. [2](#Sec2){ref-type="sec"} we discuss the impact of annihilations into longitudinal components of the *W* and *Z* on the extent of the stop coannihilation strip. In Sect. [3](#Sec3){ref-type="sec"} we discuss the impact of bound states, showing how the longitudinal components of the gauge bosons enhance the decays of the bound states. In Sect. [4](#Sec4){ref-type="sec"} we illustrate the importance of these effects in the CMSSM, discussing the potential impact of the Higgs mass constraint. In Sect. [5](#Sec7){ref-type="sec"} we extend the analysis to sub-GUT models in which the stop masses are less split. In such a case, the Higgs mass is less suppressed and the stop coannihilation strip may extend to larger values of the LSP mass. Finally, Sect. [6](#Sec8){ref-type="sec"} summarizes our conclusions.

The Goldstone equivalence theorem and stop coannihilation {#Sec2}
=========================================================

The Goldstone Equivalence \[[@CR148]--[@CR150]\] theorem states that the longitudinal components of the gauge bosons of a broken symmetry retain the interactions they would have in the absence of gauge interactions, i.e., they interact as Goldstone bosons. If the interactions of the Goldstone bosons are large, they may enhance the interactions of the gauge bosons. The best-known example of this is $\documentclass[12pt]{minimal}
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                \begin{document}$$t\rightarrow W^+ b$$\end{document}$ decay. Naively, one would have expected that the dominant contribution to this decay would be proportional to $\documentclass[12pt]{minimal}
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                \begin{document}$$g_2$$\end{document}$ is the SU(2) electroweak gauge coupling, since this appears to be a weak process. However, since the charged Goldstone boson in the Standard Model couples to *t* and *b* with a strength $\documentclass[12pt]{minimal}
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                \begin{document}$$y_t$$\end{document}$ is the top Yukawa coupling that is larger than $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \Gamma _t\simeq \frac{g_2^2}{64\pi } \frac{m_t^3}{m_W^2}= \frac{y_t^2}{32\pi } m_t . \end{aligned}$$\end{document}$$Similar behaviours are present in all scattering processes involving the *W* and *Z*. This type of enhancement turns out to be relevant when considering coannihilation processes involving the stop, as we see below.

Since the MSSM is a two-Higgs-doublet model, the Goldstone bosons are mixtures of states in the $\documentclass[12pt]{minimal}
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                \begin{document}$$H_{u,d}$$\end{document}$ multiplets that give masses to the up- and down-type quarks:$$\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} H_u\supset \sin \beta \left( \begin{array}{c} G^+\\ \frac{1}{\sqrt{2}} G^0 \end{array}\right) \quad \quad H_d\supset -\cos \beta \left( \begin{array}{c} \frac{1}{\sqrt{2}}G^0\\ G^- \end{array}\right) \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
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                \begin{document}$$\tan \beta $$\end{document}$ is the ratio of the two Higgs vevs, $\documentclass[12pt]{minimal}
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                \begin{document}$$G^\pm $$\end{document}$ are the charged Goldstone bosons, and $\documentclass[12pt]{minimal}
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                \begin{document}$$G^0$$\end{document}$ is the neutral Goldstone boson. Since we expect that $\documentclass[12pt]{minimal}
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                \begin{document}$$\cos \beta $$\end{document}$ is generally small and the couplings of the components of the Goldstone bosons in the $\documentclass[12pt]{minimal}
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                \begin{document}$$H_d$$\end{document}$ multiplet are suppressed. On the other hand, the interactions of the components of the Goldstone bosons in the $\documentclass[12pt]{minimal}
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                \begin{document}$$H_u$$\end{document}$ multiplet can be quite large. Since the stop interacts with $\documentclass[12pt]{minimal}
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                \begin{document}$$H_u$$\end{document}$, it can have a large coupling with the charged and neutral Goldstone bosons, especially for the larger values of $\documentclass[12pt]{minimal}
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                \begin{document}$$\tan \beta $$\end{document}$ considered below.

Thus, the relevant interactions of the stop with the Goldstone bosons arise from its interactions with the $\documentclass[12pt]{minimal}
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                \begin{document}$$H_u$$\end{document}$ multiplet:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned}&-\mathcal{L}\supset y_t (A_t H_u+\mu H_d^\dagger ) \tilde{Q}_L \tilde{t}\nonumber \\&\quad +\,|y_t|^2 \left( |\tilde{Q}_L|^2|H_u|^2+|\tilde{t}|^2|H_u|^2|\right) ~. \end{aligned}$$\end{document}$$As we have already discussed, since $\documentclass[12pt]{minimal}
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                \begin{document}$$y_t> g_2$$\end{document}$, these interactions are dominant in electroweak scattering processes for the stop. What is less obvious is that these are also more important than the scattering processes controlled by the strong coupling, $\documentclass[12pt]{minimal}
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To show the significance of the scattering of stops into the longitudinal components of the *W* and *Z*,[2](#Fn2){ref-type="fn"} we display the leading-order contribution to these processes. Calculating them requires the choice of a gauge. In unitary gauge, the Goldstone bosons disappear from the theory and become the longitudinal components of the gauge bosons, and it is difficult to see the origin of the enhancement to the scattering of the gauge bosons in this gauge, since the Goldstone bosons are not manifest. However, in the equivalent Feynman gauge, the Goldstone bosons *are* present explicitly and their contributions can quite easily be separated from other contributions. The most important contributions of the Goldstone bosons to the annihilation process $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{t}_R \tilde{t}_R^*$$\end{document}$ can be seen in Fig. [1](#Fig1){ref-type="fig"},[3](#Fn3){ref-type="fn"} with analogous diagrams for the charged Goldstone boson mode.

Using the interactions of the stop and Goldstone bosons found in ([3](#Equ3){ref-type=""}), the dominant s-wave contribution to the thermally-averaged annihilation cross sections are found to be$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned}&\langle \sigma v\rangle _{\tilde{t} \tilde{t}^*\rightarrow W^+W^-}\simeq 2 \langle \sigma v\rangle _{\tilde{t} \tilde{t}^*\rightarrow ZZ}\simeq \frac{g_2^4}{128 \pi m_{\tilde{t}_R}^2} \left( \frac{m_t}{m_W}\right) ^4\nonumber \\&\quad \times \left( \frac{\left( A_t+\mu \cot \beta \right) ^2-m_{\tilde{t}_R}^2-m_{\tilde{t}_L}^2}{m_{\tilde{t}_R}^2+m_{\tilde{t}_L}^2}\right) ^2+ \cdots , \end{aligned}$$\end{document}$$where the $\documentclass[12pt]{minimal}
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                \begin{document}$$\dots $$\end{document}$ represent contributions that are smaller by a factor $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathcal{O}(m_W^2/m_t^2)$$\end{document}$. As can be seen from this expression, there are two ways in which this process is enhanced. The first is because $\documentclass[12pt]{minimal}
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                \begin{document}$$m_t/m_W>1$$\end{document}$, which is the same enhancement found in the decay $\documentclass[12pt]{minimal}
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                \begin{document}$$t\rightarrow bW$$\end{document}$, and the second is unique to scalars. Because $\documentclass[12pt]{minimal}
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                \begin{document}$$m_{\tilde{t}_R}^2+m_{\tilde{t}_L}^2$$\end{document}$, there is an additional possible enhancement of this annihilation process. For $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{t}_R \tilde{t}_R^*$$\end{document}$ annihilation rate is greatly increased, and the length of the stop coannihilation strip is significantly extended.
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                \begin{document}$$|A_t|$$\end{document}$ cannot be increased without bound. If $\documentclass[12pt]{minimal}
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                \begin{document}$$|A_t|$$\end{document}$ becomes too large, one of the stop masses becomes tachyonic. This occurs when $\documentclass[12pt]{minimal}
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                \begin{document}$$\sim m_{SUSY}^2/v$$\end{document}$. If such a large value of $\documentclass[12pt]{minimal}
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                \begin{document}$$A_t$$\end{document}$ was allowed, the stop coannihilation trip would have no end.[4](#Fn4){ref-type="fn"} However, if $\documentclass[12pt]{minimal}
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                \begin{document}$$A_t$$\end{document}$ is much larger than the soft supersymmetry-breaking scalar masses, small changes in the RG scale would lead to large changes in the soft masses. In the context of a UV-complete model, this suggests that the mass spectrum required at the input scale is rather contrived. Even more troubling, the mass of the SM-like Higgs boson becomes very sensitive to $\documentclass[12pt]{minimal}
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                \begin{document}$$A_t$$\end{document}$ when it is much larger than the stop masses. Indeed, as $\documentclass[12pt]{minimal}
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                \begin{document}$$A_t$$\end{document}$ is increased, the SM-like Higgs boson masses is driven to zero. For these reasons, it is expected that $\documentclass[12pt]{minimal}
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                \begin{document}$$A_t$$\end{document}$ cannot be much larger than the sfermion masses.[5](#Fn5){ref-type="fn"} Even with this restriction on the size of $\documentclass[12pt]{minimal}
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                \begin{document}$$A_t$$\end{document}$, the scattering cross section in ([4](#Equ4){ref-type=""}) still gives an important boost to the stop-antistop annihilation rate.

The above restrictions constrain the amount of enhancement of the scattering cross section in ([4](#Equ4){ref-type=""}) for the CMSSM. To maximize this enhancement, one may consider degenerate left- and right-handed stop masses. Such a degeneracy helps because the corrections that reduce the Higgs mass are $\documentclass[12pt]{minimal}
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                \begin{document}$$\propto A_t^2/(m_{\tilde{t}_R} m_{\tilde{t}_L})$$\end{document}$, whereas the enhancement to the scattering cross section in ([4](#Equ4){ref-type=""}) is $\documentclass[12pt]{minimal}
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Bound-state effects in stop coannihilation {#Sec3}
==========================================

Another important effect that can lengthen the stop coannihilation strip is bound-state formation \[[@CR75], [@CR76], [@CR94]--[@CR96]\]. When dark matter froze out, at a temperature $\documentclass[12pt]{minimal}
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                \begin{document}$$\begin{aligned} \xi =\frac{1}{2} \left( C_{X_1} +C_{X_2}-C_{X_1X_2}\right) \alpha _s. \end{aligned}$$\end{document}$$Since the gauge particle of a non-Abelian force is charged, if a gauge particle is emitted in the formation of the bound state, the Casimir of the bound state will in general be different from the combined Casimir of the initial-state particles. For example, a pair of SU(3) coloured particles in an octet configuration can transition to a bound state in a singlet representation via the emission of a gluon. If the cross section for the formation of these bound states is large, it alters how the constituents particles freeze out, which can be relevant when these coloured particles are coannihilating with a dark matter candidate.

The relevance of bound-state formation for coannihilation depends on whether or not the bound state, $\documentclass[12pt]{minimal}
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                \begin{document}$$\langle \sigma v\rangle _{{\tilde{t}} {\tilde{t}^*} \rightarrow \mathrm{SM}}$$\end{document}$ is the Sommerfeld-enhanced thermally-averaged cross section \[[@CR61]\] excluding bound-state formation. If the bound state decays much more quickly than it disassociates, the bound state formation cross section contributes to the thermally-averaged cross section. Because the thermally-averaged cross section is increased by this process, the relic density is decreased for a given set of parameters and, thus, a cosmologically-acceptable relic density can be obtained for larger sparticle masses.Fig. 2The $\documentclass[12pt]{minimal}
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In the specific case of the stop, stop-antistop pairs can form bound states through the emission of a gluon. These bound states then decay to Standard Model particles. Since the decay rates of the bound states are related to the scattering rates of the corresponding particles, the impact of bound-state formation will be further enhanced by the dynamics of the Goldstone modes if decays of these bound states through the Goldstone components of the *W* / *Z* are dominant.

Stop coannihilation in the CMSSM {#Sec4}
================================

In this section we re-examine the stop coannihilation strip in the CMSSM for large $\documentclass[12pt]{minimal}
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                \begin{document}$$A_0$$\end{document}$, paying close attention to the effects of annihilations to *WW* / *ZZ* and bound-state effects. We also examine the constraints on the extent of stop coannihilation strip imposed by the Higgs mass. However, because theoretical calculations of the Higgs mass are quite uncertain in this regime, we first examine the stop strip independently of the Higgs mass.

The extent of the stop coannihilation strip {#Sec5}
-------------------------------------------

In order to understand the enhancements of the length of the stop coannihilation strip in the CMSSM due to annihilations to *WW* / *ZZ* and to bound-state effects, we use the SSARD code \[[@CR104]\] to compute the particle mass spectrum and relic density. We study the stop coannihilation strip as a function of $\documentclass[12pt]{minimal}
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In Fig. [2](#Fig2){ref-type="fig"} we show the mass difference $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu <0$$\end{document}$ with red lines. The solid lines include both the bound-state effect and annihilations to *WW* / *ZZ*. The dashed lines exclude the bound-state effect and the dash-dotted lines exclude annihilations to *WW* / *ZZ*. As is clear from these panels, the annihilations to *WW* / *ZZ* are extremely important for large positive *A*-terms. This is due to the enhancement of annihilation to the longitudinal components of the *W* and *Z* discussed above. The bound-state effects, although less significant, also give an important boost to the extent of the stop coannihilation strip. Including both the *WW* / *ZZ* final states and bound-state effects, the stop coannihilation strip for $\documentclass[12pt]{minimal}
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If the sign of the *A*-term is flipped, the effect of the stop annihilations to *ZZ* / *WW* is diminished, as can be see in the lower left panel of Fig. [2](#Fig2){ref-type="fig"}, where we again plot the mass difference $\documentclass[12pt]{minimal}
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The Higgs mass along the stop coannihilation strip {#Sec6}
--------------------------------------------------

We now examine the constraints on the allowable extent of the stop coannihilation strip that are potentially imposed by the Higgs mass, comparing the results obtained using different codes for calculating $\documentclass[12pt]{minimal}
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The stop coannihilation strip in sub-GUT models {#Sec7}
===============================================

We now discuss the stop coannihilation strip in a variant of the CMSSM in which the soft supersymmetry-breaking sparticle masses are assumed to be universal at some renormalization scale $\documentclass[12pt]{minimal}
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Above and to the right of the stop LSP region in the right panel of Fig. [6](#Fig6){ref-type="fig"} there is a pair of blue bands where the relic neutralino LSP density falls within the range indicated by the Planck and other measurements \[[@CR37]\]. These aim towards a vertex at $\documentclass[12pt]{minimal}
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Besides the strip-like regions, there is also a blue ring shape region on top of the stop strip in the panel for $\documentclass[12pt]{minimal}
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The last pair of plots show the effect of varying $\documentclass[12pt]{minimal}
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Conclusions {#Sec8}
===========

It is well-known that an effective way to reduce the relic density of a massive LSP into the range allowed by Planck and other astrophysical and cosmological observations is coannihilation of the LSP with at least one other particle of similar mass that decouples at around the same time in the early universe. In this case, as long as the temperature of the thermal bath is no smaller than the difference between the particle masses, the lighter one - the LSP candidate - can scatter in the thermal bath and be converted to the heavier particle. If the heavier particle can annihilate efficiently into Standard Model particles, the relic density of the dark matter candidate can be significantly reduced. The more strongly interacting the coannihilating particle, the more efficient it is at reducing the relic density. In supersymmetric models, one of the most effective coannihilating partners for the LSP is the lighter stop. It is particularly effective because stop-antistop annihilation rates to *hh* and *WW* / *ZZ* are enhanced if the *A*-terms are large. This enhancement of the annihilations to *WW* / *ZZ* arises because the longitudinal Goldstone bosons interact with the stops through *A*-terms. Specifically, the amplitudes for $\documentclass[12pt]{minimal}
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In the CMSSM, these enhanced annihilation rates of stops allow the relic density to be consistent with Planck constraints for $\documentclass[12pt]{minimal}
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                \begin{document}$$A_0 \sim 5 \, m_0$$\end{document}$. Such a large *A*-term splits the stop mass eigenstates severely, leading to an unacceptably small mass for the lightest supersymmetric Higgs boson. In the CMSSM, the Higgs mass measurement places a strong constraint on the extent of the stop coannihilation strip, if the Higgs mass is calculated with FeynHiggs 2.13.0, the supersymmetric Higgs mass calculator we use for this study. With the Higgs mass constraint included, $\documentclass[12pt]{minimal}
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However, it is not clear how reliable Higgs mass calculators are in this extreme regime, and therefore how seriously one should take this constraint on the stop coannihilation strip. This concern arises from the fact that the various publicly available Higgs mass calculators yield very different results in this regime. For the CMSSM with $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu >0$$\end{document}$. Thus, if the results of FeynHiggs 2.13.0 in this regime are in fact reliable, the extent of the stop coannihilation strip in the CMSSM is drastically reduced.

However, for stop masses that are more degenerate, the Higgs mass constraints are less restrictive. In sub-GUT models, in which the soft supersymmetry-breaking masses unify at some lower scale $\documentclass[12pt]{minimal}
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                \begin{document}$$M_\mathrm{in}$$\end{document}$, the low-scale stop masses tend to be more degenerate due to the reduced running. Because of this increased degeneracy, a Bino LSP mass of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_\chi \sim 7$$\end{document}$ TeV can be consistent with the Planck relic density measurement for $\documentclass[12pt]{minimal}
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                \begin{document}$$M_\mathrm{in}=10^9$$\end{document}$ GeV. Moreover, in this case calculations with FeynHiggs 2.13.0 yield a mass of the lightest supersymmetric Higgs boson that is compatible with 125 GeV all the way to the tip of the stop coannihilation strip.

In addition to demonstrating that an LSP mass $\documentclass[12pt]{minimal}
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                \begin{document}$$m_\chi \sim 8$$\end{document}$ TeV can be compatible with the relevant dark matter density and Higgs mass constraints in a sub-GUT model, our work highlights the importance of annihilations into the longitudinal modes of massive gauge bosons, as well as the Sommerfeld enhancement and bound-state effects. It also highlights the need for a reliable code to calculate the lightest Higgs mass in the extreme regions of parameter space that are relevant for large LSP masses. The results obtained with FeynHiggs 2.13.0 may well be reliable in many cases, but corroboration is essential.

Exceptions to this are models such as pure gravity meditation that have a large hierarchy between the sfermion and gaugino masses \[[@CR34]\].

The significance of the Goldstone boson mode was also discussed in \[[@CR151]\].

There are also diagrams involving the Goldstone bosons that contribute to $\documentclass[12pt]{minimal}
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This is due to the fact that the scattering cross section in Eq. ([4](#Equ4){ref-type=""}) would scale as $\documentclass[12pt]{minimal}
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When the Higgs mass is calculated using the code FeynHiggs 2.13.0, our default option, it generally provides a stronger constraint than does vacuum stability.

This is because the scattering rate in this regime is dominated by QCD interactions. Since bound state formation is also governed by QCD, it roughly doubles the annihilation cross section.

This is due to the fact that this process is dominated by QCD processes for $\documentclass[12pt]{minimal}
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                \begin{document}$$\tilde{t}\tilde{t}^* \rightarrow WW$$\end{document}$ scattering.

The improvements included in FeynHiggs 2.13.0 are: three loop contributions to the RGE's including electroweak effects, threshold corrections are now correspondingly at the two-loop level, the top mass now includes two-loop QCD corrections and one-loop electroweak corrections, and upates to alleviate problems of scheme conversion.
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                \begin{document}$$M_h$$\end{document}$, is heavily based on the works in ref. \[[@CR152]--[@CR154]\] and is expected to be reasonably accurate only when the SUSY mass scales are $\documentclass[12pt]{minimal}
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The actual extent of the spike is unclear due to numerical uncertainties in calculating the Higgs bosons mixing angle.
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                \begin{document}$$A_0<0$$\end{document}$, the Higgs mass is considerably better along the stop coannihilation strip but the extent is drastically reduced due to the smaller value of \|*A*\| at the SUSY scale.

Unlike the heavy Higgs funnel in Fig. [6](#Fig6){ref-type="fig"}, the extent of this funnel is not sensitive to the exact value of the Higgs mixing angle.
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                \begin{document}$$\mu <0$$\end{document}$, the value of the Higgs mass is improved, but is still much too small to meet experimental constraints.

The Higgs mass is again improved for $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu <0$$\end{document}$, but is still far below the experimental constraint.

Although a large portion of the coannihilation strip follows the stau LSP region, the relic density is reduced through coannihilation with the stop, which also has a similar mass to the LSP.
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